ABSTRACT: Ankle osteoarthritis is a debilitating disease with approximately 50,000 new cases per year leading to skeletal deformity, severe and recurrent pain, cartilage breakdown, and gait dysfunction limiting patient mobility and well-being. Although many treatments (total ankle arthroplasty [TAA], ankle fusion [arthrodesis], and ankle distraction arthroplasty) relieve pain, it is not clear that these procedures significantly improve patient mobility. The goal of the research presented here is to summarize what is presently known about lower extremity gait mechanics and outcomes and to quantify the impact of ankle osteoarthritis and TAA have on these measures using an explicitly holistic and mechanistic approach. Our recent studies have explored physical performance and energy recovery and revealed unexpected patterns and sequelae to treatment including incomplete restoration of gait function. These studies demonstrated for the first time the extreme levels and range of gait and balance dysfunction present in ankle osteoarthritis patients as well as quantifying the ways in which the affected joint alters movement and loading patterns not just in the painful joint, but throughout both the ipsilateral and contralateral lower extremity. Through this work, we determined that relieving pain alone through TAA is not enough to restore normal walking mechanics and balance due to underlying causes including limited ankle range of motion and balance deficits leading to long-term disability despite treatment. The results indicate the need to consider additional therapeutic interventions aimed at restoring balance, ankle range of motion, and movement symmetry in order to improve long-term health and function. ß
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Primary ankle osteoarthritis is less common than what has been reported at the knee. 2 However, compared to the knee, the incidence of post-traumatic osteoarthritis is far greater in the ankle. 3, 4 The degree of patient-reported physical impairment associated with ankle osteoarthritis is very high: equivalent to end-stage kidney disease, 5 congestive heart failure, 5 and end stage hip osteoarthritis. 5, 6 The severe joint limitations associated with ankle osteoarthritis, as well as pain, lead patients to pursue surgical interventions with the goal of alleviating pain and restoring function and mobility. Yet while surgical approaches often relieve pain, it appears that they are less successful in restoring normal function. The current treatment options for end stage ankle osteoarthritis include total ankle arthroplasty (TAA), ankle arthrodesis (fusion, the standard surgical intervention for end-stage ankle osteoarthritis), and ankle distraction arthroplasty. [7] [8] [9] [10] Post-surgically ankle arthrodesis patients have reduced pain and improved quality of life scores, but they also frequently have lasting functional limitations such as difficulty walking on uneven or inclined surfaces and challenges when driving a car. 11, 12 Ankle fusion remains the most common treatment for painful, endstage ankle osteoarthritis. However, modern TAA implants are becoming a viable alternative. 10, [13] [14] [15] [16] [17] [18] [19] [20] [21] Although early TAA implants showed enormous promise for relieving pain and improving mobility, these procedures did not eclipse arthrodesis because of relatively rapid implant failure. [7] [8] [9] TAA implants are, however, becoming a viable alternative with improved implant survival time (10 year survival rate of 77% 22 ) and some positive functional outcomes, such as improved walking speed when compared with arthrodesis patients. 10, [13] [14] [15] [16] [17] [18] [19] [20] [21] At present, the lack of knowledge specifically related to TAA outcomes is striking. The overall goal of any intervention is to improve patient function during the course of treatment and to maintain this function (mobility and physical activity) long-term. Therefore, the effect of surgical interventions on whole-body motion must be understood. Previous work has demonstrated that limitations in balance can impact both mobility and walking mechanics. These limitations have been linked to fall risk, 23, 24 increases in locomotor cost, 25 and functional limitations each of which can impact patient outcomes and quality of life. Only through a detailed understanding of the gait and balance limitations that exist following TAA will we be able to develop evidence-based therapeutic interventions that will improve life-long function by providing pain relief and also restoring mobility and function. The goal of this review is to summarize studies that provide data on the impact of ankle osteoarthritis and subsequent TAA on gait mechanics in five areas detailed below.
for the past 150 years. Over almost the same period researchers have examined the impact that joint disease and a variety of disabilities have on gait mechanics, with recent advances in technology allowing increasing detail of understanding. Through this work, researchers have demonstrated that patients with hip and knee osteoarthritis have altered gait mechanics, when compared with healthy control subjects. [26] [27] [28] [29] [30] [31] Surprisingly few authors have examined the impact that ankle osteoarthritis has on lower extremity kinematics and kinetics without also exploring the impact of a surgical intervention. [32] [33] [34] [35] Based on the limited understanding of gait mechanics in patients with isolated, unilateral ankle osteoarthritis the goal of this portion of this reviews is to contextualize how these patients compared to hip and knee osteoarthritis patients. 36 One of our recent studies, building on previous work by ourselves and others that examined one joint at a time, used threedimensional motion capture techniques to examine the differences in lower extremity, sagittal plane kinematics and kinetics across three osteoarthritis groups (hip, knee, and ankle) and a group of healthy subjects ( Fig. 1) . 36 All patients were diagnosed with severe, painful osteoarthritis and were within 2 weeks of a total joint replacement. This level of disease was selected in order to compare these patients at a similar disability stage. After controlling for walking speed, the study results indicated that patients with end-stage osteoarthritis at any joint had lower peak vertical ground reaction forces, lower peak plantar flexion, and lower extension moment when compared to the control group. Patients with ankle osteoarthritis walked slower than all groups, and also had limited plantar flexion at toe off. These results indicated that changes in joint mechanics were not isolated to the painful joint (Fig. 2) . 36 Patients with ankle osteoarthritis had changes in ankle and hip mechanics specifically during the push-off phase of gait. The increase in hip flexion moment and an increase in hip extension in the ankle osteoarthritis patients was most likely a compensation for the decrease in plantarflexion moment that resulted from limited ankle motion during terminal stance. These results indicate that ankle osteoarthritis patients used greater hip motion to power toe off during terminal stance and move the leg into the swing phase. 36 Coronal plane malalignment has been examined in patients with knee osteoarthritis in order to understand the development and progression of the disease, [37] [38] [39] [40] [41] [42] [43] but little has been done concerning malalignment of the tibiotalar joint in ankle OA. 44, 45 Building on previous work in knee osteoarthritis, 46, 47 our work focused on examining the impact of coronal plane tibiotalar malalignment on lower extremity mechanics, changes in the center of pressure beneath the foot, 48 and patient reported outcomes. 49 Using weight bearing radiographs and the tibiotalar alignment measurement previously published by Kim et al., 50 each patient was categorized as having a varus (greater than 5˚of varus), valgus (greater than 5˚valgus), or neutral (between 4˚of varus and 4˚of valgus) alignment. 48, 49 When comparing these three ankle alignment groups, and in contrast to the previous work that has been published in knee osteoarthritis, 46, 47 there were no differences in spatial temporal mechanics, patient outcomes, or measures of physical performance. 49 Similarly, there were no differences in any of the center of pressure parameters between the alignment groups. 48 To explore further, we examined the variability in the outcomes using the coefficient of variation which demonstrated large between trial and between subject variability, suggesting that ankle OA patients are at high fall risk. 48 Previous studies and our more recent work suggest that ankle OA has a profound effect on ankle mechanics, especially at the end of stance, and strongly impacts other joints as well. In addition, high variability in the COP may indicate instability. Taken as a whole untreated ankle OA can lead to destructive processes at the ankle and at other joints, and increase the chance of further development of OA and balance problems, both of which are a long-term hindrance to mobility. The current literature does not specifically address variability and fall risk in ankle OA patients or the impact that TAA in isolation or in combination 
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QUEEN with other procedures have on balance/stability, fall risk, or gait variability. Future work will need to explore these outcomes measures in a variety of ankle OA and surgical intervention groups in an attempt to identify optimal targets for therapeutic interventions. Therefore, all of these variables-joint motion, spatiotemporal aspects of gait, COP, and variability will be part of evaluating intervention that are discussed throughout the rest of this report.
Changes in Lower Extremity Biomechanics Following Total Ankle Arthroplasty
Having considered the profound effects of untreated OA, it is worth considering the efficacy of surgical interventions, specifically TAA, have on walking mechanics. Patient satisfaction and mobility is influenced not just by physical function, it is also dependent of the longevity of the implant and the need for revision surgeries. Therefore, the patient and physician need to balance the consequences of abnormal kinematics with the potential that the TAA may loosen over time.
The two most common surgical treatments for painful ankle osteoarthritis are ankle arthrodesis and TAA (Fig. 3 ). An exploration of the differences between these two surgical procedures and normal human locomotion indicate that gait mechanics are abnormal following both surgical interventions. 51 Previous studies have reported that following ankle arthrodesis patients report decreased pain, and improved walking speed, step length, and stride length, however, the patient's level of physical activity was reported to have decreased by 1 year following surgery, 52 due possibly to remaining deficits in walking speed and reduction in ankle and hip motion compared to control patients. 33, 53, 54 Our early work and that of others indicated that following TAA, a patient's self-reported function and pain was improved both 1 and 2 years following surgery. 10, 35, [55] [56] [57] In addition, this work demonstrated that measures of physical performance were improved over the same time with the 2 year outcomes demonstrating the greatest improvement, a pattern not affected by implant type. 55 This result is surprising because it was also found there were no significant differences in ankle mechanics following surgery, 55 suggesting that change was relative only to the preoperative time point. 55 In order to assess the potential benefits of TAA over a longer recovery period, we expanded this work to examine patients up to 5 years after surgery and found that most improvements were maintained through 5 years and that sagittal plane ankle mechanics remained unchanged. 58 However, some variables (walking speed, timed up and go, stride length and stride width) declined between the 2 and 5 year time points indicating a decline in function (Fig. 4) . 58 Through this work, we were able to understand the gait limitations that remained following TAA. However, all of this work was completed in patients who were undergoing a primary unilateral replacement and did not explore the more complicated cases in which patients received a revision TAA 59 or include patients who are revised from an ankle fusion to a TAA. 60 Some of our recent work has examined the differences in outcomes between patients who had a primary replacement versus those who were undergoing a revision TAA. 59 The results of this study indicated that the revision TAA patients had more previous foot and ankle surgeries, post-operative complications, subsequent surgical procedures, polyethylene exchanges, and more talar component revisions. 59 While there were differences in these clinical measure, no gait mechanics differences were reported when comparing the two groups with the exception of the peak plantar flexion moment which was reduced in the revision patients. 59 In addition, most of the patient reported outcomes were not different between the groups. The results of this study indicated that revision surgery can result in similar outcomes to primary TAA in the early post-operative time period. 59 Another area of interest was examining the differences between patients who had a primary TAA compared to patients who had an ankle fusion that was revised to a TAA. 60 When comparing walking mechanics between these groups the only measure that was significantly different was ankle range of motion with the arthrodesis revision group have a smaller range of motion. 60 With a lack of difference between these groups it is clear that substantial gait and functional limitations are present following TAA independent of the patient's pre-operative status (revision TAA or revision arthrodesis). These substantial gait and functional limitations need to be addressed through additional therapeutic interventions such as patient specific physical therapy or soft-tissue mobilization. Current referral to post-operative therapy following TAA and ankle fusion is limited. If postoperative rehabilitation is prescribed by the treating surgeon it is often listed on the physical therapy script as evaluate and treat. It is clear that post-operative rehabilitation is necessary following TAA in order to begin to restore normal function; however, the specific therapeutic modalities and the types of exercises have never been defined or published in the academic literature. The first step in this process will be the development and implementation of evidence based therapeutic interventions that focus on restoring balance, side-to-side movement, and loading symmetry as well as improving ankle range of motion during gait. While this is an important first step, future work will also need to explore the impact of soft-tissue mobilization techniques to improve range of motion, the potential use of water therapy, as well as the use of gait retraining both with and without a variety of feedback techniques. The goals of this future work have to be to restore function, decrease the risk of developing adjacent joint OA while improving physical activity and walking speed with the goal of improving each patient's long-term quality of life.
The work summarized above shows that interventions for ankle OA are effective relative to reinterventions. One way the current studies of ankle OA and gait may contribute most effectively is through the use of simple measures of physical performance such as walking speed, balance, and the four square step test that can provide insight into patient function that are not obtained from standard patient reported outcomes. 61 Clinicians can collect simple measures of function, specifically walking speed and balance, to assess patient outcomes, and determine the need for future therapeutic interventions.
Alterations in Lower Extremity Biomechanics Due to Tibio-Talar Malalignment and Concomitant Procedures Following Total Ankle Arthroplasty
Many times TAA is not performed in isolation. Often concomitant procedures are required in order to re-align the ankle or restore normal joint motion. In addition, many ankle OA patients present with complex pathologies that require many surgical procedures either completed concomitant with the TAA or 
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QUEEN following the index TAA procedure. These procedures are used to restore balance to the ankle (tendon transfer procedures), ensure that the foot is plantigrade (gastrocnemius release or Achilles tendon lengthening), as well as correcting frontal plane alignment. The complexity in ankle OA is very different than what is seen when examining a knee or hip OA patient and therefore the measures we use to assess changes following surgical intervention need to be able to address the changes in mechanics that occur during these procedures. Therefore, the purpose of these publications was to determine the impact of some of these concomitant procedures on TAA outcomes. [62] [63] [64] Often ankle osteoarthritis patients present with coronal plane tibiotalar (hindfoot) malalignment and controversy exists regarding whether to perform a TAA in these patients. [65] [66] [67] Previous work in total knee replacement patients has demonstrated that valgus or varus placement of the implant can result in early implant failure, which has been cited as the reason to not perform at TAA in patients with severe coronal plane deformities. 68 In order to address some of these concerns, we completed two studies examining the impact of coronal plane tibiotalar malalignment on patient reported outcomes and physical performance measures 62 as well as frontal plane gait mechanics 63 following TAA. In both studies, coronal plane alignment was restored to neutral in greater than 95% of patient through additional surgical procedures. 62, 63 With neutral alignment restored, no differences in physical performance measures, patient reported outcomes, and walking speed were observed between groups (varus, valgus, and neutral as previously defined). These results indicate that independent of alignment patients show improvements following surgery indicating that TAA is a viable surgical intervention if alignment is restored. 62 Gait mechanics were different between the three alignment groups across time from the preoperative assessment through a 2 year follow-up. While differences existed across time, gait mechanics were similar between the malalignment groups and the neutral alignment group by 2 years following surgery. 63 In addition, coronal plane malalignment patients often present with an equinus contracture due to either an isolated gastrocnemius contracture or a combined gastrocnemius/triceps surae contracture that results in the disruption of normal walking gait. 69 Heel cord lengthening is often performed through either a tendoachilles lengthening or a gastrocnemius recession in order to ensure that the foot is plantigrade following surgery. In order to determine the impact of these tendoachilles lengthening procedures on outcomes following TAA, we compared a group of replacement only patients to a group of patients who underwent a concomitant triceps surae lengthening or a gastrocnemius recession. 64 The results of this study demonstrated a greater improvement in peak dorsiflexion angle and ankle range of motion in the triceps surae lengthening group, when compared to the isolated TAA group (Fig. 5) . 64 The remainder of the variables of interest were not different between groups. 64 The results from these studies indicate that if normal alignment is restored, through concomitant surgical procedures, patients have similar post-operative patient reported outcomes, function, and gait mechanics.
62-64

Gait Symmetry and Energy Exchange Following Total Ankle Arthroplasty
Recently, we have expanded our research to explore the impact of TAA on side-to-side gait symmetry 58, 70, 71 as well as energy exchange and recovery. 25, 72 The goal of this novel work is to expand our understanding of how TAA impacts locomotion beyond just an assessment of the affected limb.
Gait asymmetries have been identified in various total joint populations with our previous work focusing on describing gait asymmetries in ground reaction forces and hip joint kinematics and kinetics that persist in total hip replacement patients up to 1 year BIOMECHANICS AND TAA CLINICAL CARE following surgery. 73, 74 Therefore, we were interested in determining if the same asymmetric patterns were present following TAA as well as determining if these asymmetries persist up to 5 years post-TAA. 58 The results of this study indicated that step length, the weight acceptance, and propulsive peaks of the vertical ground reaction force, ankle range of motion, peak plantar flexion angle, and the peak plantar flexion moment were asymmetric in TAA patients. Some of the asymmetric patterns normalize to the contralateral limb by 5 years following surgery, while the peak plantar flexion angle and the peak weight acceptance ground reaction force remain asymmetric (Fig. 6) . 58 In addition, we have begun to explore asymmetries in the center of pressure during walking. In a group of severe ankle osteoarthritis patients, we determined that the affected limb had a shorter stance time and total path length as well as a greater medial-lateral deviation. 71 Having identified asymmetries, it is worth asking if gait asymmetries are a good predictor of post-TAA function. 70 The results of this study indicated that combining peak plantarflexion moment asymmetry, propulsive vertical ground reaction force asymmetry with surgical side peak plantar flexion moment, and non-surgical side weight acceptance vertical ground reaction force explained 86.5% of the variance 5 years after total ankle replacement. 70 Therefore, these results suggest that rehabilitation programs following TAA should focus on the restoration of gait symmetry and surgical side propulsion in order to improve postoperative walking speed. 70 While the studies examining gait symmetry and its ability to predict outcomes provided valuable insights into potential areas of focus for post-operative rehabilitation, we still had remaining concerns regarding the impact that ankle osteoarthritis and TAA had on locomotor function and we wanted to move up the analytical scale one more step and look at whole-body motion and surrogates of locomotor costs. In order to begin to address these concerns, we completed two studies to determine the impact that ankle osteoarthritis and TAA have on energy recovery. 25, 72 Energy recovery, a reflection of the exchange of potential and kinetic energy, can represent comparative levels of muscular work (as opposed to energy storage and exchange) that influence the cost of walking. By adopting a walking style that enhances recovery of mechanical energy, individuals can reduce the amount of muscular effort that is required for locomotion and will not feel as fatigued following activity. [75] [76] [77] Our first study compared energy recovery between a control group and three osteoarthritic cohorts (hip, knee 
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QUEEN and ankle) with the same disease severity. The results of this study indicated that patients with ankle and hip osteoarthritis have a significantly lower energy recovery when compare to knee osteoarthritis and control subjects with the ankle osteoarthritis patients having the lowest energy recovery. 72 These results indicated that the fatigue and limited physical activity that is often reported in osteoarthritis patients could be associated with the decrease in energy recovery and that through targeted therapeutic interventions to retrain gait we could improve walking mechanics and therefore improve energy recovery. 72 With this understanding we were then interested in exploring how TAA changed energy recovery. 25 Walking speed was significantly improved through the 2 year post-operative assessment, however, after controlling for walking speed, no differences in energy recovery were found between the pre-operative and post-operative (1 and 2 years after surgery) time points. 25 These data demonstrate that pain relief alone is not enough to restore normal gait, indicating that additional therapeutic interventions are necessary in order to restore function and improve walking efficiency.
Balance Deficits in Ankle Osteoarthritis and Total Ankle Arthroplasty Patients
Most of the work on OA summarized above has focused on understanding the impact that ankle osteoarthritis and TAA have on lower extremity gait mechanics and associated energy exchange. More recent work has begun to examine how static balance is impacted by these ankle pathologies with the goal of understanding how to alter patient care to improve outcomes and decrease fall risk in these patients. [78] [79] [80] [81] Our initial study examining balance in this patient population was a comparative study between total hip, total knee, and total ankle replacement patients. 78 This study explored the impact of lower extremity (hip, knee, and ankle) joint replacement on single leg balance 1 year following surgery. The results of this study demonstrated that 63% of total hip replacement patients, 69% of total knee replacement patients, and only 9% of total ankle replacement patients were able to maintain single leg stance on each limb for greater than 5 s, 78 while literature based age-matched healthy subjects had an average single leg stance time of 25 s. 82 Due to the difficulty these patients had in completing single limb balance we decided to expand our balance assessments to include a series of bilateral balance tasks based on a portion of the Short Physical Performance Battery in four different postures (feet shoulder width apart, feet together, semi-tandem, and tandem stance). 83 While the Short Physical Performance Battery is often used as a clinical tool, we collected these data on two force plates in order to be able to quantify balance and assess changes in the Figure 6 . Limb asymmetry following total ankle arthroplasty with a significant decrease in (A) weight acceptance ground reaction force and (B) peak plantar flexion angle during stance on the non-surgical side when compared to the surgical side independent of time.
BIOMECHANICS AND TAA CLINICAL CARE center of pressure. Our initial work in this area focused on understanding how balance is impacted by severe, unilateral ankle arthritis. The results from our initial study revealed that as the patient's base of support decreased (moving from shoulder width to feet together) the movement of the center of pressure increased beneath both feet. 80 When assessing the affected and unaffected limbs independently, the results indicated that the affected limb was relied upon for postural adjustments in the medial-lateral direction, while the unaffected limb provided anteriorposterior control. 80 The next phase of our investigation involved examining the difference in the center of pressure during feet together standing trials in a group of unilateral ankle osteoarthritis versus bilateral ankle osteoarthritis patients. This work demonstrated that the center of pressure on the unaffected limb was greater indicating that the unaffected limb could be relied upon to make postural adjustments in order to compensate for the pain and disability of the affected side. 81 When both limbs were impacted the patients had a decrease in center of pressure excursion, which could be due to the fact that neither limb could be the dominant source for postural adjustment. 81 While it is clear that patients with ankle osteoarthritis have impaired balance, we were interested in understanding if the pain relief of a TAA could improve balance without additional therapeutic interventions. The results of this work indicated that patients had a greater center of pressure excursion 2 years following surgery when compared to the 1 year post-operative time point. 79 Traditionally better balance has been associated with a smaller center of pressure excursion, however, some more recent studies have indicated that a greater center of pressure excursion may indicate a greater adaptability to perturbations due to the greater center of pressure excursion. 84 Future balance work in these patient populations will need to focus on quantifying the relationship between the center of pressure and the center of mass motion.
CONCLUSIONS
In conclusion, our studies over the past 10 years have filled a critical gap in knowledge on the deficiencies in lower extremity biomechanics and balance that are present in ankle osteoarthritis and TAA patients. In addition, TAA is effective at relieving pain and improving patient reported outcomes, however, lower extremity biomechanics are not significantly improved following surgery, which provides insights for future therapeutic intervention studies. We have examined lower extremity biomechanical deficiencies at multiple levels of scale and tried to address the need for improved treatment of pain while also restoring normal function. Moreover, we determined the role of ankle health in overall gait mechanics and patient well-being. This work demonstrated that the deficiencies in ankle motion and asymmetrical loading patterns resulted in an increased cost of locomotion. It is clear from these studies that surgery alone (TAA) does not restore normal lower extremity movement mechanics nor improve locomotor cost. Therefore, additional therapeutic interventions must be considered in these patient populations. The goal of these interventions should focus on restoration of balance, increasing ankle range of motion, and improving side-to-side symmetry. Through improvements in these measures patients will be able to decrease locomotor cost allowing them to increase physical active and decrease the wear on other joints in the lower extremity with the goal of improving long-term health and mobility. Together this series of studies has provided the foundation for our ongoing and future projects aimed at improving clinical care through targeted therapeutic interventions and the identification of predictors of successful interventions in patients with ankle osteoarthritis and following TAA. Our future goals are to identify physical performance measures and gait mechanics parameters that can be collected in the clinical setting and use these to predict post-operative outcomes. In addition, we are examining the impact of evidence based therapeutic interventions to improve lower extremity biomechanics and physical activity to ultimately alter the course of treatment for these patients.
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